He scattering from Xe monolayers adsorbed onto Ag substrates is studied using a quantum stochastic method. Both the He atom and the surface and bulk modes are treated quantum mechanically using a mean-field partitioning of the quantum Liouville equation. The resulting equations of motion permit the evaluation of the reduced density matrix of the He atom subsystem by averaging over a series of "quantum trajectories." The final reduced density matrix of the atomic subsystem, when projected onto the asymptotic states, provides an accurate estimate of energy transfer processes between the atom and the surface. Our calculations indicate that inelastic energy transfer is enhanced near adsorption resonances due primarily to the increased lifetime of the atom near the surfaces as evidenced by marked deviations from the Debye-Waller thermal attenuation rates.
I. INTRODUCTION
Helium scattering from solid surfaces has proven to be a powerful experimental probe of the detailed structure and dynamics of solid surfaces and has lead to deeper understandings of energy exchange mechanisms at the gas-solid interface. ' It is known that for He atoms on metal surfaces, the sticking coefficient and energy accommodation coefficient are dominated by what might be referred to "elastic sticking," where the atom is diffracted elastically into a quasibound state, i.e., selective adsorption. Of particular interest to us is the inelastic coupling between the selective adsorption resonance states and the surface phonons. Whereas, diffraction spectra provide a measure of the geometry and corrugation of the surface, selective adsorption spectra probe the bound and quasibound eigenstates of the gas-surface interaction potential, and are highly sensitive probes to the fine details of this potential.
He atom scattering from rare gas (RG) overlayers, physisorbed onto metal substrates, are particularly interesting systems from both experimental and theoretical considerations. The surfaces are highly corrugated and hence present very large cross sections for both selective adsorption and phonon inelastic scattering. It is a highly quantum mechanical system with strong atom-phonon interactions. There also exists a large body of information describing the gas phase pair potentials between He and various RG atoms such that a relatively good a priori estimate of the He-surface interaction can be obtained. Finally, we can use either experimental observations or slab calculations to parametrize the surface phonon dispersion and obtain a fully dynamical model and a realistic picture of the experimental situation.273 In highly corrugated systems, such as rare gas overlayers, the dynamical interplay between the motion of the surface atoms and the He atom can not be regarded as a perturbation. Another interesting feature of these systems which complicates theoretical treatment is the coupling of the adsorbate modes to the metal substrate modes. This causes the phonon energy linewidth to be broadened due to dampening caused by the coupling of the substrate bulk modes to the surface modes in the region where the adsorbate dispersion overlaps the substrate bulk dispersion. This effect has been observed in He scattering from Kr overlayers on Ag( 111) and Pt(ll1) and appears as a discontinuity in the observed phonon dispersion4
Previous theoretical attempts to compare to the experimental observations were based upon accurate closecoupling techniques but did not include the dynamical motion of the surface atoms failed to explain completely the experimental observations.* Part of the difficulty was the extreme sensitivity of the calculations to very small changes in the two-and three-body terms in the potential. Although the elastic scattering calculations do match many of the features in the experimental selective adsorption spectra, the agreement was less than satisfactory for the cases of He scattering from rare gas monolayers and some of the differences are certainly do to inelastic processes, such as phonon mediated selective adsorption. On top of this, the inelastic cross sections are very large in this system as compared to metal and alkali halide surfaces. Because of this one can expect marked deviations from the Debye-Waller correction near selective adsorption resonances. This can be shown from a simple analysis of the resonant contribution to the transition matrix in a strong scattering limit5 In short, one finds that both the resonant energy shift and the resonance line shape are dependent both upon the incident momentum of the scattering atom and the temperature in a fairly nontrivial way. This will thwart any attempt to compare directly experimental adsorption resonance scattering results to theoretical elastic scattering results using Debye-Waller corrections for the inelastic attenuation.
Other attempts by Cerjan and Kosl~ff,~ which used a similar mean-field approach as presented here, have been criticized for providing rather poor estimates of the inelastic scattering.6 As we pointed out in a previous paper, the inadequacy may be attributed to difficulties in using the Linblad equation for the phonon dynamics rather than to the failure of the mean-field approximation.7s Finally, Hedanhs and Per-sson have recently examined inelastic H, scattering from RG monolayers by treating the surface as an ensemble of Einstein oscillators and expanding the atom-phonon wave function up to eighth order in the phonon operators and integrating the resulting time-dependent close-coupled equations of motion for the H2 molecule.6
In Sec. II we outline a fully quantum mechanical model which incorporates the dynamical interplay between the surface and the He atoms and includes coupling between the surface and substrate phonons.7 We use a mean-field approximation to compute the reduced density matrix for the scattered He atom by first tracing over the bulk variables to obtain a set of stochastic wave equations for the He amplitude function and then averaging the final probability distributions over enough "quantum trajectories" to converge the initial statistics. The He amplitude function evolves under a time dependent Schrodinger equation which includes a time and temperature dependent stochastic potential energy term. The evolution of the He atom imparts a driving force on the surface phonon modes-which are also coupled to an ensemble of bath phonon modes. A comparison of this method to other similar methods was presented in Ref. 7. In Sec. III we apply the method to study He diffraction from Xe monolayers physisorbed onto Ag( 111) substrates in energy regions where selective adsorption resonances are known to be particularly strong (lo-20 meV) and compare the intensities of the resonances to Debye-Waller corrected elastic scattering results. In this paper, we treat the He-Xe system as a model system and use it to extract the underlying physical processes which occur in the experimental system. Although we have not directly compared our results to the experimental data, we believe that our results capture the salient physics of the system semiquantatively. Finally, in the last section we discuss the utility of our calculation in describing energy transfer processes near selective adsorption resonances.
II. THEORY
The total Hamiltonian for the system is the same as in Ref. 7:
9 i.9 =Ho+V(z,R,{u,})+Hs+Hg+V~~.
Our notation is such that (z,R) are the center of mass coordinates of the scattering atom with mass m with z normal to the surface and R parallel. The {u j} and {b,} are the surface and bulk phonon operators. Thus, H,-, is the atomic kinetic energy operator and V(z,R,{u,}) is the potential energy between the atom and the solid lattice which depends explicitly upon the displacements of the surface atoms from their equilibrium positions, {u,}. H, and H, are the uncoupled (harmonic oscillator) Hamiltonians for the surface and bulk phonon modes which are in turn coupled via VsB with coupling constants { yj9). Physically speaking, the bath encompass any (a,-=%p=o,
where 3 is the Liouvillian which is related to the above many-body Hamiltonian by B'p=i[H,p,] and can likewise be separated into individual components 22?=~~+~;%S+~~+~~~+~~B.
Here, "A" refers to the atomic subsystem in the absence of any phonon interactions, "S" the surface phonons, "B" the bulk substrate phonons, and "AS" and "SB" to the couplings. Mean-field equations of motion for the various components of the density operator can also be obtained by partitioning the full density matrix amongst the various subspaces, 
( 1 where M is the mass of the surface atom, N is the total number of surface modes, eZ(q) is the z component of the phonon polarization projected upon the surface Brillouin zone, and R, is the position vector of the 0th surface atom. Under ordinary scattering conditions, the surface atoms are displaced only slightly from their equilibrium position during the course of the interaction. With this in mind, we shall retain only up to linear terms in the displacement coordinate.
The full quantum state of the system (scattering atom) and bath (bulk+surface phonons) is a solution of the time dependent Schriidinger equation
where the n subscript refers to a particular atom/surface/bath configuration with energy E, . At time t=O, we assume the atomic scattering states and the phonon-bath states are uncoupled so that the total quantum state, 1 $n(f)), may be factored within the mean field approximation as a direct product state of the atomic scattering state, Itit)), and the surface and bulk phonon states, Inj, TV), which are labeled by their respective occupation numbers:
While we are formally exact in partitioning the total many-body wave function amongst the various subsystems, the correct dynamics are those given by the Liouville equation for the quantum density operator (9) E. Ft. Bittner and J. C. Light: Molecule/surface scattering. II and then taking various traces over the coupled subsystems: (10) which has zero mean and deviance given by the thermal average of the anticommutator correlation function of g(t) :
Under the mean-field approximation, the various subsystems interact with each other only through averaged interactions. This allows for a great deal of flexibility in writing the final equations of motion for each subsystem. However, one pays a price for this flexibility, which is that no phase information can be passed between the various subspaces. In the present context, where the interaction between subspaces are mediated via expectation values of operators in one subspace multiplying operators acting in the others, this does not present a serious problem. However, this separability is not generally applicable and, in some cases, mean-field partitionings will lead to unphysical results, especially if one is interested in measurements which involve operators which act globally over the system, such as in the optical spectra of molecules.' Given the mean-field partitionings, however, the mean-field Liouville equation for the density matrix of the atomic subsystem can be replaced with a wave equation:
where K(w) is the power spectrum of the dissipation kernel. This last expression is the quantum mechanical version of the classical fluctuation-dissipation theorem which insures a balance between the influx and efflux of energy between the bath and the surface phonons. The fundamental difference between the classical and quantum mechanical versions of this relation is due to the fact that in the quantum regime, bath excitations carry different statistical weights than bath deexcitations due to Bose-Einstein statistics, whereas in the purely classical regime, phonon transitions receive the same statistical weighting. In our implementation of these equations, we assumed that the bath spectrum is white and that dissipation is instantaneous (Markov approximation):
ih ; ~o(f)={Ho+V[z,R,{(af(t)+a(t))}l}cp(t). (13) Similarily, for the surface and bulk variables, we need only to propagate their expectation values:
;+"'
( 19) At any given time the density matrix for the atomic subsystem can be constructed by taking a thermal average over the surface and bath variables:
where Z is the partition function. Equivalently, PA(t) can be obtained by computing a series of "quantum trajectories" where a = { uj} are all linearly independent surface phonon operators, and where (15) &i ( 
4 and cph is the atom-phonon interaction term.
As shown in Ref. 7, the equations of motion for the surface phonon operators can be derived in which surface/ bath coupling is contained in terms of a dissipation kernel, K(t), and a fluctuation operator, c(t),
where the force term, (Vph(t))=(p(t)AIVph[&t)~), is the force exerted on a given phonon mode by the scattering atom at time t.
In the thermal limit, the fluctuation operator, z(t), is replaced by the Gaussian random variable, 5(t) (no hat), Stochastic representations of the reduced density matrix are particularly appealing computationally and have been used in a variety of contexts. One particular application is a "Monte Carlo" method for including the dissipative effect of spontaneous emission of photons during slow atomic collisions.'0-'2 Other applications include quantum dynamics in condensed media.'3P'4 The primary appeal is that propagation of the full density matrix, which scales as @(N4) operations per time step, where N is the dimensionality of the matrix, can be reduced to propagation of an amplitude vector, which at worst scales as N,X@(N3) operations per time step. For a reasonably well defined calculation, Nm103 and N,< 10. Furthermore, under the mean-field approximation, there are no direct correlations between the various quantum trajectories. Thus, the computational effort can be efficiently partitioned amongst various independent computers or processors. Moreover, there is a tremendous reduction in memory requirements. This approach is also appealing from a physical point of view in that exact models of dissipation and relaxation can easily be incorporated without the use of phenomenological parameterizations of the dissipative terms.*
ill. RESULTS
The initial atomic density wave function was chosen to be a Gaussian centered some distance above the surface with some initial perpendicular momentum, k, , and parallel momentum, K. The initial energy width, a,, was chosen to be wide enough to have a high certainty in hitting a resonance yet be narrow enough to resolve phonon mediated processes. In each of the results presented here, oE=4 meV. Although this is considerably broader than the energy resolution of current experimental investigations by almost an order of magnitude, it allows us observe a number of effects, such as resonances and direct inelastic scattering, in a single calculation. The final projection of the outgoing wave function onto the asymptotic scattering states was accomplished using the splitting algorithm of Heather and Metiu." We solved the time dependent Schrijdinger equation for the atomic translational degrees of freedom self consistently with the quantum stochastic equations derived above for the surface and bath phonons. At each time step we recomputed the atom-surface interaction potential term to account for the motion of the surface atoms due to the phonons. This was done at a slight increase in computational time over that of a static surface. We used the split operator method of Feit and Fleck to estimate the Schrodinger evolution operator (here h = 1):16-'* 
provided that d,V( t) -0 over the course of the time step 6r. The atomic wave function was represented in the discrete variable representation (DVR).'9-2' The DVR's employed in this calculation were based upon Tchebychev polynomials of the second kind in the z direction and one based upon the Bloch functions in the plane of the surface, R. The Bloch functions were chosen to satisfy the periodic boundary conditions imposed by the static lattice. For square or rectangular lattices, the kinetic energy operator is block diagonal in the coordinate representation; however, for hexagonal lattices, a symmetrized basis is required in order to block diagonalize this operator.2'22 For a hexagonal lattice, we chose the in-plane coordinates such that the x axis was along the (112) azimuth and the y axis perpendicular along the (011) direction. As shown in Fig. 1 and in Appendix A, this provides an orthogonal coordinate system. For the sake of completeness and because it has not appeared in other papers presented by this group, we present the details of using DVR's on hexagonal lattices in Appendix A of this paper.
The scattering calculations presented here were performed using a two dimensional spatial grid oriented along the unit cell in the (112) direction with N,=19 and N,=70 points in either direction. N, was determined by the number of components required to converge a Fourier expansion of the potential surface along the (112) direction. As mentioned earlier, we assumed the atom-surface potential to be com- posed of pair-wise additive terms which were obtained from fits to experimental gas phase scattering data.23 The pair potentials used in the present paper are summarized in Appendix B. A plot of the static potential surface is presented in Fig. 2 in order to illustrate the highly corrugated nature of the He-Xe system. The small saddle is due to the two Xe atoms which lie along the (0 1 i) direction. The motion of all four atoms composing the unit cell provided the dynamical potential, whereas the surface atoms surrounding the unit cell were fixed in their equilibrium positions. This is a reasonable assumption since atom-phonon interactions are typically short ranged interactions and depend most strongly upon the repulsive interactions between the scattering atom and the surface atoms.
A. Diffractive scattering and adsorption resonances
In Figs. 3 and 4 , we show the projection of the outgoing probability distribution for various initial conditions and surface temperatures. In the first set of figures (Fig. 3) , we show as a series of contour plots, the probability distribution of the scattered wave function projected onto the asymptotic momentum states in K, and k,. The superimposed arcs correspond to constant energy contours which we have added to guide the eye. The solid arc is drawn at the mean initial scattering energy (E,= 10 meV), whereas the dashed and dotted-dashed arcs are at E. +-fi wE, where WE is the Einstein frequency of the lattice. In these figures we compare the asymptotic momentum space distributions obtained by scattering a E,= 10 meV He atom from a 35 K Xe overlayer at normal and 24.25" incident angles to pure elastic scattering (i.e., from a rigid lattice) at the same incident angles. In the T=35 K results, both elastic and inelastic scattering intensities can be identified. The elastic diffraction intensities are the maxima that lie along the solid E, energy contour. The inelastic intensities, which correspond to direct creation or annihilation of surface phonons, lie along the E,, + h wE contours and tend to be less intense than the elastic diffraction intensities by nearly an order of magnitude.
There are a number of other features which can be noticed in these figures as well which correspond to resonances which are either diffraction mediated or phonon mediated. These resonances are more clearly seen when we plot the asymptotic energy space distribution in just the specular channel (Fig. 4) . The resonance states correspond to scattering solutions of the static potential energy surface which have vanishing outgoing components i.e., quasibound states. To a lowest order approximation (zero corrugation limit), the quasibound states can be taken to be a direct product of a bound state of the laterally averaged surface with energy E, and a parallel momentum change, AG, with resonance energy approximated by E,,= E,+(Ki+AG)'/2m. The energy of the resonances is very sensitive to subtle changes in the atom-surface potential. To illustrate this point, we changed the He-Xe pair potential from the Hartree-Fock with damped dispersion form (HFD) used through out this study to the nearly identical Maitland-Smith (MS) pair potential and compared the zero-phonon asymptotic energy space distributions in the specular channel for normal incidence and E,= 10 meV. As with the HFD pair potential, the parameters for the MS potential were taken from the best available fits to gas phase He-Xe scattering. The parameters used are given in Table I and the potentials are summarized in the appendix. As seen in Fig. 5 , both curves exhibit two rather distinct resonance features at about 6.5 and 10 meV. What is immediately noticeable is that both the energy positions and the intensities of the resonances are markedly different in both cases. Even though the pair potentials are perature is increased. This seems to be due to the fact that the probability for phonon creation is weighted by the phonon occupation number for a given phonon mode. Thus, as the surface temperature increases, phonon transition probabilities increase accordingly and both the phonon mediated resonances and direct inelastic scattering intensities become more prominent.
IV. DISCUSSION FIG. 5 . Comparison of selective adsorption resonances for two choices of the He-Xe pair potential. MS was obtained from the Maitland-Smith pair potential and HFJI from the Hartree-Fock with damped dispersion potential. Both of these forms are discussed in the Appendix and parameters were chosen as to reproduce the best available gas phase atom-atom scattering data.
nearly identical and reproduce the gas phase atom-atom scattering data very accurately, there is enough of a difference between the two potentials to produce significantly different selective adsorption spectra.2 Because these subtle differences produce significant changes in the resonance energy spectrum, a direct comparison to experimental selective adsorption spectra is very difficult to produce in this system and was not attempted in this study.
In addition to the selective adsorption resonances, the energy space distributions contain features which are due to the dynamical motion of the surface, including both direct inelastic scattering and phonon mediated selective adsorption resonances (PMSA). PMSA occurs when the kinematic criteria for selective adsorption resonance is satisfied with the addition or subtraction of one or more quanta of phonon energy, E, 2 h oq = E, + ( Ki + hG + Q)2/2m, where Q is the phonon momentum projected onto the surface Brillouin zone. Figures 4(a)-4(f) we compare Debye-Waller corrected elastic scattering results to fully inelastic results by plotting just the asymptotic projection of the specular components as a function of energy at various initial incident angles and bulk temperatures. The superposition of the two sets of data allows for easy identification of selective adsorption resonances, inelastic scattering, and phonon mediated selective adsorptions. For discussion sake, we shall consider only Figs. 4(a)-4(c), normal incidence scattering at E,=lO meV and at various surface temperatures. First, the elastic peak is split by a strong selective adsorption resonance at about E, = 10 meV, corresponding to a AG =5 transition into the bound states of the potential. On either side of the central elastic scattering peak are smaller peaks which are due to direct inelastic scattering and are also split by the same selective adsorption resonance.
In this paper we have used a stochastic representation of the quantum density matrix to study atom-phonon interactions near selective adsorption resonances. Using mean-field partitioning of the full atom-surface-bath Liouville operator, separate equations of motion for the reduced density matrices for the various subsystems were derived. For the atomic scattering degrees of freedom, we propagated time dependent wave functions under a mean-field Hamiltonian which includes a stochastic, temperature dependent potential term due to the thermal motion of the surface atoms. The surface and bulk variables evolve according to the quantum Langevin equation and are driven by the scattering atom. Thus, this approach includes a feedback mechanism which allows for local heating or cooling of the substrate during the course of the collision. Such dynamical feedback mechanisms have not been in other time dependent or time independent closecoupled treatments.6'24-27 Indeed, the philosophical motivation of this study stems from the classical stochastic trajectory studies developed in the 70's and 80's by Tully and co-workers.28 It should be noted, however, that while quantum stochastic treatments provide essentially an exact treatment of the multiphonon aspect of the problem, this does not come without a cost. For low scattering energies, they require long computational times in order to achieve statistically meaningful results. Moreover, one looses some of the dynamical insight and control which can be obtained by using coupled channel treatments. Ideally, one should use both quantum stochastic treatments and coupled channel treatments when making a detailed study of a particular system.
As the surface temperature is increased, another resonance feature begins to appear at about 7.4 meV on the shoulder of the central peak. This resonance corresponds to an inelastic PMSA into a quasibound state. It is interesting to note that the feature becomes stronger as the surface temWe applied the approach to study He scattering from Xe overlayers. The system is rather unique in that relatively good a priori estimates of the atom-surface interaction potential can be obtained from gas phase atom-atom scattering results. In the case of Xe monolayers, the surface phonons are nearly dispersionless across the entire Brillouin zone and can be modeled as perfect Einstein oscillators. The simplicity of the system allowed us to examine both elastic selective adsorption resonances as well as phonon mediated adsorption resonances. One of the original hopes of earlier experimental and theoretical studies of this system was that deviations between exact close-coupled (elastic) scattering calculations and the experimental selective adsorption spectra could be resolved by fine tuning the atom-surface potential and by applying a global Debye-Waller attenuation correction to the computed spectra to account for diffusive inelastic scattering.2 We demonstrate here that such approximations to the inelastic scattering are ineffective near selective adsorptions, and are especially ineffective when the incident angle is non-normal. In fact, even at 0,=24.25" the deviation is shown to be significant. We show why one should expect such deviations from Debye-Waller corrected intensities near selective adsorptions. While it is reasonable that three-body effects play an important role in this system, it is clear from our calculations that phonon mediated effects play important role in the collisional dynamics as well and need to be included before making detailed comparisons between theory and experiment. Such investigations into this system are underway currently. In particular, one of us (E.R.B.) has presented recently a single phonon coupledchannel theory in which the principle value of the purely elastic scattering wavefunction is computed using a Z2 representation of the elastic scattering Greens function.27 We have generalized this theory to three spatial dimensions and are attempting a quantitative comparison with the available experimental data.
From this, a symmetrized, two dimensional basis can be deduced.
where (n, ,n,) are integers. 
APPENDIX A: COORDINATE GEOMETRY AND DVR'S FOR HEXAGONAL LATTICES
The finite basis and coordinate geometry were chosen to first satisfy the periodic boundary conditions imposed by the hexagonal lattice and secondly to produce a diagonal metric for the kinetic energy operator. The first condition is automatically satisfied by the two dimensional Bloch functions
where R is the projection of an arbitrary vector onto the surface, A n R=u,u,+a2u2, G is an arbitrary reciprocal lattice vector,
642)
G=g,i,+gk2r
and K is the projection of the incident beam momentum onto the surface plane. Figure 1 shows the labeling conventions used in this paper for the unit cell in direct space. The second condition is satisfied only for orthogonal coordinate systems. An appropriate coordinate system is obtained by taking symmetric and antisymmetric combinations of the unit vectors in direct space: 4, +ci, i=,,, The He-Xe surface potential used through out this study was constructed from a sum of He-Xe pair potentials, U(r), plus a bulk polarization term which depended only upon the distance between the metal substrate and the He atom. Threebody terms, were excluded to reduce the computational effort required to reconstruct the surface at each time step. The pair potential used throughout most of this the study, except where noted, was the Hat-tree-Fock with damped dispersion potential (HFD) of the form U(Rj)=A exp(-aRj)-F(Rj)i g2i+6 i=. iiy ' (Bl) where the {g2i+6} are the multipole interaction constants, F(r)=jerp[ -(+-I)*].
r>1.28rn, The other term in the potential is the He-Ag substrate interaction potential. Since the He atom is at all times more than 3 8, from the Ag substrate due to the adlayer, only long range van der Waals interactions needed to be included.
Vbudd = g3
(z-CY *
034)
The parameter 5 is defined as C l=nd,-T-z,,,
where dL is the interlayer spacing between the adlayers and n is the number of adlayers. The other parameters, c and zo, are related to the position of the image potential above the Ag surface.
